With the development of modern society, the scale of the power system is rapidly increased accordingly, and the framework and mode of running of power systems are trending towards more complexity. It is nowadays much more important for the dispatchers to know exactly the state parameters of the power network through state estimation. This paper proposes a robust power system WLS state estimation method integrating a wide-area measurement system (WAMS) and SCADA technology, incorporating phasor measurements and the results of the traditional state estimator in a post-processing estimator, which greatly reduces the scale of the non-linear estimation problem as well as the number of iterations and the processing time per iteration. This paper firstly analyzes the wide-area state estimation model in detail, then according to the issue that least squares does not account for bad data and outliers, the paper proposes a robust weighted least squares (WLS) method that combines a robust estimation principle with least squares by equivalent weight. The performance assessment is discussed through setting up mathematical models of the distribution network. The effectiveness of the proposed method was proved to be accurate and reliable by simulations and experiments.
Introduction
Electric power is essential to modern society. Economic prosperity, national security, and standard of living depend on reliable electric power systems, and it's very important for the power systems to obtain operating condition information about the state of the electric grid [1] . In 1970s, Schweppe first proposed the idea of state estimation in power systems. Power system state estimation constitutes the core of the on-line system monitoring, analysis and control functions [2] [3] [4] [5] . State estimation acts like a filter between the raw measurements received from the system and all the application functions that require the most reliable data base for the current system operation state, and it typically includes bad data processing, state estimation solutions, parameter and topology error processing, and other analyses.
In modern power systems, the control center receives the system-wide device information and measurement mainly through a SCADA system [6, 7] . However, the information and measurement data provided by SCADA may not always be accurate and reliable. On the other hand, the collected measurements may not allow direct extraction of the corresponding real-time AC operation state of the system. These concerns drive the development of power system technology. Among all the newly-developed applications that aim at satisfying those new technological demands, the so-called wide area measurement system (WAMS) opens a new avenue for power system stability analysis and control, and it has been attracting increasing attention in recent years, since it is a powerful tool for power system monitoring, protection and control, and has been widely used in the energy management systems of power systems [8] [9] [10] [11] [12] [13] . WAMS measurements have high precision and short updating cycles and can measure the node states directly, but due to the high costs of PMU devices and their placement problems, how to utilize WAMS measurements and SCADA information in state estimation effectively must be faced and solved now.
At the same time, the computing processes of power system state estimation generally use the maximum likelihood estimation method, but bad data and outliers exist in the estimation process, whose standardized errors are larger than a pre-established tolerance, and they will affect the accuracy and state estimation effectiveness greatly [14] [15] [16] , so it is important to research a robust estimation method to prevent the final estimate from being biased. To address this problem, a variety of approaches have been proposed, including linear regression, artificial neural networks, fuzzy pattern matching, Kalman filter techniques, etc. A linearized state estimation algorithm was presented for applications in smart distribution systems [17, 18] . This method intended to incorporate synchronized phasor measurements into the distribution state estimation by a complex calculation process. As the availability of phasor measurements at substations will increase gradually, the authors of [19, 20] studied how the state estimator can be enhanced to handle both the traditional state estimator and the linear state estimator simultaneously. A complex artificial neural network was used to adjust the link weighting in power system bad data analysis and estimation in [21] . Using fuzzy clustering and a pattern matching method, a fuzzy pattern vector for power state estimation was generated based on the analog measurement vector in [22] . An adaptive Kalman filter was introduced for real-time power system state estimation in [23] , but Kalman filters achieve optimal performance only when the system noise characteristics have known statistical properties. When greater ability and high speed are required in real-time power state estimation, the complexity of these implementations quick increases and it becomes more difficult to complete high-accuracy state estimations of the power system. Consequently, depending on the required ability level, these methods can become impractical for real-time applications.
This paper analyzes in detail the state estimation model by mixed measurements with WAMS and SCADA, and develops a robust WLS state estimation method which can update the weighting factors in each iteration using WAMS data, therefore eliminating bad data and outliers efficiently and thus improving the robustness in the presence of bad measurements. The performance of the proposed state estimation method and the efficiency of the bad data identification were verified by experiments and simulations. The rest of this paper is outlined as follows: in Section 2 we analyze the wide-area state estimation model and the proposed robust WLS theory based on readjusting measurement weights. In Section 3 we focus on performance assessment through simulations and experiments. Conclusions are drawn in Section 4.
A State Estimation Method Integrating WAMS and SCADA

Model Analysis of Power System State Estimation
In power state estimation methods, the most commonly used measurements are line power flow, bus power injection and voltage magnitude measurements. In some cases, especially for state estimation of distribution buses, the line current magnitude measurements may be taken into consideration too. Where PMUs exist, there will be two new types of measurements utilized by power system state estimation methods. One is voltage phasor measurements which include voltage magnitudes and angles of the system bus, and the other is current phasor measurements which include current magnitudes and angles of the transmission lines or transformers [24] . All types of measurements can be expressed in terms of the system state using Equation (1): 
R is the covariance matrix of the measurement error e . The optimization problem of state estimation is to make the aim function ( ) J x smallest, i.e.:
can be named as Jacobian matrix, and it can be expressed as:
where i is the iteration index; i x is the solution vector at the ith iteration. Using mathematical transformations such as Taylor series expansion and the Newton iterative method, we can obtain Equation (5) from the above equations:
at the ith iteration, it is decomposed into its triangular factors, and the following equation should be solved using related theory:
is called the gain matrix. It is sparse positive definite and symmetric if the system is fully observable. State estimation involves the iterative solution of the equations given by Equation (5), and we need to get initial state estimation data first so the related equivalent circuit of different power system components, admittance matrix, power injection, power flow, and so on should be researched first. In a power system, transmission lines can be seen as middle-length transmission and the conductance need not be considered, then the equivalent circuit of transmission lines is as shown in 
According to tap changing and phase shifting transformers, Figure 2 is the typical equivalent circuit. The two transformer terminal buses are commonly designated as the impedance side and the tap side bus respectively. 
If the tap ratio a is complex, through substituting calculations, the above equation can be turned into:
Generators are normally seen in the power system. The equivalent circuit of generators is divided into voltage and current equivalent circuits as shown in Figure 3a and Figure 3b . 
Using Kirchhoff's current law at each bus to build the network model for the entire power system, the following equation can be obtained:
where k i , k v are respectively the net current injection phasor , the voltage phasor at bus k . Matrix Y is the bus admittance matrix, and when considering the transformer, the following equation can be given: In Figure 4 , the , i j v v can be shown as Equation (13) 
Based on Kirchhoff's current law, that is 
From the above equations, we get that the real power injection and reactive power injection at bus i are:
where
G B is in matrix form. From Figure 4 , we also can get:
so, the real power flow, reactive power flow and line current flow from bus i to j can be described as follows:
Then we can calculate the partial differential elements corresponding to active power injection measurements, reactive power injection measurements, active power flow measurements, and so on. The following equation is an example of partial differential results corresponding to active power injection measurements:
Through the above analysis and calculations, we can get ( ) H x , ( ) i G x and other parameters, then an iterative solution state estimation of power network will be completed.
Proposed Power System State Estimation Method
PMUs are used to measure data such as voltages, current, angle and frequency, and can provide real-time information about the state of large portions of national and transnational grids and allow obtaining a state estimate which is a true snapshot of the power system, making the technology for real-time supervision of power systems clearly at hand [25] , but because of the high relative cost and inconvenience of installation, we can not install PMUs in each part of power grid, and we still need state estimation technology using SCADA and other technologies to get the full state of power grid, and the algorithm and application of state estimation will still need to be explored, proposed and tested in the coming years. This section will analyze a power network state estimation method which includes PMUs.
As shown in Figure 5 , when there is a PMU in i node and no PMU in node j, the following relationship exists from circuit theory: 
Then we can get Equation (21) 
To have the state estimation of a power network, one of the key problems is how to solve the Jacobian matrix. From Figure 5 , the transposed matrix of the Jacobian matrix can be described by:
From Equation (21), we can see the Jacobian matrix is composed of partial derivatives, and all these partial derivatives would be calculated based on Kirchhoff's laws and circuit theory. For example, some branch current partial derivatives and branch phase partial derivatives can be calculated as:
As concerned as above, the key issue is to calculate Equation (2), defining the measurement residual error
there is the equation:
. U is a upper triangular matrix, so:
where 1 y U x    , we get the smallest ( ) J x , then we get the optimization result, so the criterion function of the proposed algorithm is 
. By mathematical transform, the equivalent weight can be obtained as
P is a readjusting weigh matrix, so x is:
Then a robust state estimation method which can resist bad data and outliers efficiently is obtained by the technique of adjusting the equivalent weight.
Performance Evaluation
Computer Simulation
The proposed robust state estimate method was tested using simulated measurements on different size systems such as IEEE 14, 30, 57 and 118 bus systems. Figure 6 is the measurement configuration diagram of the IEEE 14 bus system. From this figure, the simulation bus system has in total 14 buses and 20 branches, which has PMUs in bus 2, bus 6, bus 7, bus 9, and bus 13. With PMU measurement, we can directly get the node voltage magnitudes, node voltage phase angles, and branch currents. In order to simulate Gaussian distribution error of the measurement value: Figure 6 . Simulation measurement configuration of the IEEE 14 bus system.
As Table 1 shows, four case studies based on Figure 6 are analyzed to check the estimation accuracy and computational efficiency of the proposed state estimation method. In Table 1 , the first column indicates the case number, and the second column shows the measurement configurations of each simulation case. The third and the fourth columns indicate the number of measurements and state vectors. Column 5 shows the redundancy which can be calculated by column 3 and column 4. The following four cases will be discussed to illustrate the proposed estimation method's performance. Statistic analysis results of relative errors between the state estimation solutions will be presented for comparison of the effects of the different cases.
(1) Case 1: just includes traditional measurements. Power flows in 1-2, 1-5, 2-5, 3-4, 4-5, 4-7, 4-9, 6-11, 6-12, 6-13, 7-8, 7-9, 9-10, 9-14, 10-11, 12-13 and 13-14. Power injections in buses 3, 5, 13 and 14. Voltage amplitude in bus 1.
(2) Case 2: Power flows in 4-5, 4-7, 4-9, 7-9, 10-11, 12-13 and 13-14. Power injections in buses 3, 5, 13 and 14. PMU measurements in bus 2, 7, and 9. (4) Case 4: Power flows in 10-11. Power injections in buses 5. PMU measurements in bus 2, 6, 7, 9, and 13.
To easily calculate and intuitively display the results, usually it is better to transform the active, reactive power injection measurements In this paper, we selected the reference value as 100 MW or 100 MVAr to transform the above data to per-unit system, and phase angle's units are degrees ( 
the simulation program calculation will finish its iteration and we get the state estimation results. Since it is not possible to show the results of the proposed state estimation method for all the system states, two calculation examples will be presented in the following. Similar results are obtained for all state variables in all the simulations. Table 2 is the bus voltage estimation results of the cases used in simulations. The second column indicates the true number of the bus voltage amplitude, and the third, fourth, fifth and the sixth columns show voltage state estimate values of different cases. Table 3 is the bus voltage estimation results of the cases used in the simulations. Figure 7 and Figure 8 are the bus voltage amplitude and angle estimate errors using the data from Table 1 and Table 2 . From the figure, we can see that case 1 has the worst state estimation effect and case 4 has the best estimation effect. This shows that when adding PMU data to conventional SCADA measurement inputs, the state estimator will improve its convergence speed and accuracy. The proposed robust state estimation method also shows strong ability to resist bad data and outliers. In the simulations when gross errors are input and the measurement vector contains bad data, using ANOVA analysis, the proposed algorithm can identify the bad data accurately through iterations. Table 4 is the bad data identification results of the cases used in the simulations. 
Hardware Application Experiments
The proposed robust WLS method was implemented on a four-node experiment test system as shown in Figure 9 . PSCAD is used to simulate the power system parameters such as active power, reactive power, etc. The simulated results of PSCAD are imported to a RTDS system. SCADA measurements are arranged in bus 1 and bus 3. As we know, due to the lack of a reliable real-time scale between test results of different locations, SCADA monitoring data is valid only in the local system, and it is difficult to detect and analyze the dynamic state of an entire power system just with SCADA, so we also used one PMU in the experiment, which is set to bus 1. As shown in Figure 11 , Different PMUs will use the same synchronized signal as sampling pulse trigger signal which is sent by the same control center, so the parameters' detection will have a very good time synchronization. In our experiments, the synchronized GPS clock module uses ATK-NEO-6M, which generates trigger DSP synchronous sampling pulse signal of executing ADC. It marks the sampled data processing results with a uniform high-accuracy time scale. STD of SCADA measurements is 0.01 and STD of PMU is given as 0.001, and Figure 12 shows the estimation results of our four-node experiment test system. From the figure we can see the bus voltage estimation results and their errors. By repeating a lot of experiments, the proposed robust WLS method was proved to have very high accuracy and good computational efficiency; the accuracy of the bus voltage amplitude state estimation is 99.8% and the accuracy of the bus voltage angle estimation is about 99.4%. The computational speed of the proposed method is much faster than the traditional WLS state estimation method. In statistics, bias of an estimator is the difference between this estimator's expected value and the true value of the parameter being estimated. Suppose x is an estimator of parameter t x . Then the bias of this estimator is defined as:
When an estimator has zero bias it is called unbiased. Otherwise the estimator is said to be biased. Based on mathematical theory, from Equation (1) we can get:
where k P is the distribution probability. In statistics, there are problems for which it may be good to use an estimator with a small , but nonzero, bias since the property of mean-unbiasedness may be lost under nonlinear transformations. In this paper, we used a Monte Carlo simulation to research the statistical characteristics, and the estimation step number N is 500 steps. The measurement inputs are randomly produced by: Figure 13 is the bias analysis of proposed the method using the Monte Cario method. It's clear from the figure that the bias is zero, so the estimator is unbiased. The other cases are also unbiased. Hence we can say the proposed robust WLS state estimators are unbiased. 
Conclusions
The method proposed in this paper analyzes in details the state estimation model by mixed measurements with WAMS and SCADA, and according to bad data and outliers in the measurement vector, researches a robust and high-efficiency WLS state estimation method. The proposed method takes into consideration measurement dependencies and updates the weighting factors automatically, therefore recognizing and eliminating bad data and outliers efficiently, and improves the robustness in the presence of bad measurements. This method's performance was tested on some IEEE bus systems and relative experiments. The results of simulations and experiments proved that the proposed method had good accuracy and high reliability and it can be used in state estimation of large scale and complicated power grids. The presented method can be extended to the analysis of other complex energy systems with multiple spatial-temporal scales like wind and solar energy as well.
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